University of North Dakota

LND UND Scholarly Commons
Chemical Engineering Faculty Publications Department of Chemical Engineering
2021

Activated carbon in mixed-matrix membranes

Jeremy Lewis
Maram A. Q Al-sayaghi
Chris Buelke

Ali Alshami
University of North Dakota, ali.alshami@und.edu

How does access to this work benefit you? Let us know!

Follow this and additional works at: https://commons.und.edu/che-fac

Recommended Citation

Jeremy Lewis, Maram A. Q Al-sayaghi, Chris Buelke, et al.. "Activated carbon in mixed-matrix membranes'
(2021). Chemical Engineering Faculty Publications. 26.

https://commons.und.edu/che-fac/26

This Article is brought to you for free and open access by the Department of Chemical Engineering at UND
Scholarly Commons. It has been accepted for inclusion in Chemical Engineering Faculty Publications by an
authorized administrator of UND Scholarly Commons. For more information, please contact
und.commons@library.und.edu.


https://commons.und.edu/
https://commons.und.edu/che-fac
https://commons.und.edu/che
https://und.libwizard.com/f/commons-benefits?rft.title=https://commons.und.edu/che-fac/26
https://commons.und.edu/che-fac?utm_source=commons.und.edu%2Fche-fac%2F26&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/che-fac/26?utm_source=commons.und.edu%2Fche-fac%2F26&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:und.commons@library.und.edu

Activated carbon in mixed-matrix membranes

Jeremy Lewis, Maram A. Q. Al-sayaghi, Chris Buelke, Ali Alshami*

*Corresponding author ali.alshami@und.edu

Department of Chemical Engineering - University of North Dakota, Grand Forks, ND

1.

2.

4.

7.
8.
9.
10.

INETOQUCTION ...ttt sttt b et a et s st ekt s et ea b n s et et seen et enenes 2
1.1 IMIOTIVATION ...ttt ettt s h et ettt e a e et b e et a e e bt e b e s b et et e st ebtebe et e b e e e s e e eaeebe b e e enee 2
1.2 BACKGIOUIA .....oveiiiiiic ettt ettt sttt ettt e et e ettt et b e bt bttt ettt eb b nne 3

Production of Biochar and Activated CarbOom...........ccouvueireirieuirinicinieiiecinieent ettt ettt saebe s st e s seenes 4
2.1 PYTOLYSIS 1.ttt sttt b et b e bt b e a bt e h et h e bt e bt et e bt e bt ea e e bt e a b e bt eateehe et e ehe et e bt enbesheenaenhean 4
2.2 BIOCKHAT ...ttt ettt a b b h ettt a bbbt e ettt be b na e 5
2.3 ACHVALEA CADOMN ...ttt ettt ettt ettt skt b et ettt se ek e bttt n bt se b ene 5
24 Carbon MOLECUIAT SIEVES.......c.eeuiiiiriiieiiiiieiiite ettt ettt sttt ettt ettt aeea et s besae et eaeeueebesaeaen 6

AC Compatibility with POlymers and SOIVENLS..........cceririeriieieriieterieeteie ettt ste ettt e st e e e e esaeseeebessaessesssensessaessesseensenses 6

Fabrication OF MIMIMS .........c.iiieuiiiriiiiieiinieiet ettt ettt se ettt b etk b et sttt st b e et b bt e et et a et sa ekt sebe et eseenenennenen 8
4.1 Formation of Casting SOIULION .......cciriiriiiiiiiiiiitite ettt ettt ettt ettt b e et sbe e ee 8

4.2 Membrane Casting

4.3 Phase INVEISION. ....c..itiiiiiieiiitiieet ettt ettt sttt et a e se et e e et et ebe e b e et e e sn et b s e nee
43,1 Wet PRase INVETSION ......c.oiuiiiiiiiiieiieiieiente sttt ettt ettt s a ettt ettt b e et s bt et est et eueebeeneeen 9
4.3.2  DIY PRASE INVETSION. ...ttt ettt ettt ettt sttt e e st e st eb e e bt st et et e st entemeeseebeetebenseneeseenesseasenaens 10
4.3.3  Dry/Wet Phase INVETSION .......coutiiiitiiieiteeiieite ettt ettt sttt ettt b et b et esbe e st e bt eate bt estesbeeabenbeentenbeeaeensenne 11
Relationship Between Surface Chemistry and Permeability ........c.ccoeverierieriinieiieiieieeieie ettt eene s e 11
APPIICATION OFf AC-IMIMIMS.......oiuiitiiiititeie ettt ettt ettt e e st es e es e et e e a et et e st em e eseebeeb et e b eneeneeseeseabeetebenteneeseenesbeasetens 13

6.1 AC-MMM uses in Water PUITICATION .....c..oeiiiiriiiiiiiieietertecete ettt ettt sttt sbe e 13
6.1.1  Rejection 0f HEavy MEtal TONS .....cc.eeieriieiiiiieieciieiesieeteic ettt ettt e e besseesaesseessesseesaeseassessesssensesssensenes 13
6.1.2  ReEJECLION OF UTAMIUIN ....evieuiiiieiiitieteeitest ettt ettt ettt ettt e a e sb e eate bt eate bt es b e sae e st e bt eatenbeeste bt eneebesbeenbesneensenee 14
6.1.3  Rejection of Aromatic COMPOUIIAS .....cc.eeueeruirieriieieriertieteettetesteetesteetesteestasteestessesseessesssesesseenseensessesssessesssensense 14

6.2 AC-MMM uses in Biological Solute REJECHION.........eoueieuiiiietiitiieieeeeee ettt 16
6.2.1  RemOVal Of OTZANIc MAtET ......ccutriiriiriieitieiieteeitete ettt et ettt ettt et e sb e et eb e e te s bt enbesbeentesste bt eabenbesstenbesatentenne 16
6.2.2  E. COll. REIMOVAL ...ttt ettt ettt ettt et h ettt ettt 17
6.2.3  Blood Plasma ToXin REMOVAL.......c.ccccirieiiiiiiinieiiieiinicineteeeeeesree ettt ettt s et 17

6.3 AC-MMM USES 1N PEIVAPOTALION ..ottt ettt ettt ettt ettt sb et ebe et sbe e besbe e besatenbeeatenbeeseenbeeneentenne 18

6.4 AC-MMM USES IN GAS SCPATALION ...e.vvervieeietieiierieeiesteeierieetesieesteseeseesesseessesseessesseessesseessessesssesssesseessessesssessesssessenss 19
6.4.1 Small, Low Molecular Weight, Non-Polar Binary MiXTUIES .........cccerirerierieieiitinienienieieceieseeeeese e e saens 19
6.4.2  Higher HYArOCAIDOMS. .....c.ueiuiiiieiieieeiieie ettt ettt ettt ettt ettt e e bt estesteente bt entesseentenseensessesntensesnsansenns 22

6.5 Proton Exchange AC-MMMs for a Direct Methanol Fuel Cell

Predictive IMOTERLS .......oouiiiiiieietc ettt ettt a ettt e a e b b et a e b ettt a b e ne

Suggestions fOr FULUIE WOTK .......oouiiiiiiiiei ettt sttt e e et e s st et e eaeenbesseenseebeenaesteensansas 28
ACKNOWIEAZEIMENES ...ttt ettt ettt b et e e e e st es e et e eb e et et e st em e es e e bt ebeea e s eneeneeneeseebeetenbeneeneeseanesbeasentens 29
RETEIEIICES ... ettt ettt ettt h e et et ea e b s bttt e et e st b s bt e e et ea e bt b e ettt aeea b e enee 29



Abbreviations

ABS acetonitrile butadiene styrene PBT protein bound toxins

AC activated carbon PCS p-cresylsulfate

CAP cellulose acetate phthalate PDMS polydimethylsiloxane

CMS carbon molecular sieves PEBAX 2533 polyether block amide

CNF cellulose nanofiber PEG polyethylene glycol

COD chemical oxygen demand PEI polyethylenimine

CTA cellulose triacetate PES polyethersulfone

E.coli  Escherichia coli POMS poly(octylmethylsiloxane)

FFV fractional free volume PPSU polyphenylsulfone

GPG Gonzo-Parentis-Gottifred PSF polysulfone

HA hippuric acid PVC polyvinyl chloride

IS indoxyl sulfate PVP polyvinylpyrrolidone

KHS550 NH(CH>)3Si(OC:Hs); PWF pure water flux

LMH Lm?h’! SEM scanning electron microscopy

MMM  mixed matrix membrane U uranium

PAC powdered activated carbon UVas4 measured by UV-Vis at 254 nm

PAE polyamide-amine-epichlorohydrin  YDH-171 CH,CH- Si(OCHj3);
Abstract

Mixed matrix membranes (MMMs) have emerged as strong contenders to conventional
membranes for gas and liquid separations. Although numerous studies on filler/matrix
combinations have been conducted and thoroughly reviewed, a review of activated carbon (AC)
as a filler has thus far been minimal. This review intends to fill this gap via critically analyzing the
state-of-the-art on AC as a filler in MMMs. Aspects of AC-MMM research, with emphasis on AC
fabrication from biomass pyrolysis, AC-MMM fabrication and resulting properties, and influence
of AC on MMM performance are thoroughly elucidated. Furthermore, the various applications
that have been investigated with AC-MMM membranes, and several predictive models that have
been specifically utilized for AC-MMMs are also discussed.

1. Introduction

1.1 Motivation

Membranes for liquid and gas phase separations have evolved considerably in the past few
decades. One major breakthrough was the development of MMMs, which are a composite two-
phase membrane consisting of a polymeric continuous phase and a dispersed organic or inorganic
filler. The continuous phase is commonly referred to as the matrix. MMMs have been the subject
of extensive research studies and reviews involving a variety of organic and inorganic fillers,
except for AC and biochar: two significant fillers with promising separation properties coupled
with an abundance of low-cost raw material and processing techniques.



In recent years, AC has been gaining traction as a filler in MMMs. In this work, we present an up-
to-date review of the literature and the state-of-the-art of research involving MMMs with the
primary focus on AC and biochar as principal fillers. Special emphasis will be directed towards
addressing AC-MMMs in terms of its formation, properties, applications, and predictive models
that can be utilized for their performance.

1.2 Background

Starting as early as 1973, MMMs were studied by Paul and Kemp (1) and have grown into a field
of their own. In some sense, the term “mixed matrix membrane” is a broad category of composite
membranes that consist of adsorbent, nanocomposite, and hybrid membranes. During the late
1970s, MMMs were referred to as sorbent membranes, because adsorbent fillers were originally
used and their adsorbent properties exploited (1). Recently, MMMSs have been cited as both
nanocomposite membranes (2,3), especially when the filler is nanometers in diameter, and as
hybrid membranes (4) which highlight the two species independently responsible for selectivity.

Nonetheless, MMMs remain attractive because by combining the properties of the matrix and
filler, enhanced properties are achieved including improved separation performance in terms of
selectivity and flux, as well as physiochemical properties such as hydrophilicity, porosity, surface
charge, and mechanical strength.

Several different combinations of filler/matrix materials have been investigated. Commonly
reported fillers include carbon nanotubes (5), metal organic frameworks (6), molecular sieve
particles (7,8), and zeolites (9). A breadth of polymers have been studied in MMMs including
polyimides (10,11), polysulfones (12,13,14), copolymers (15), and cellulose acetate (16) to name
a few. Altogether, these combinations have been investigated for applications including water
purification, pervaporation, gas separation, and proton exchange.

Many articles have been written reviewing the topic of MMMs in the last decade. Aroon et al.
(17), Goh at al. (18), and Chung et al. (19) authored reviews focusing on gas phase separations.
Rezakazemi and Vinoba et al. focused specifically on carbon dioxide separation (20,21). Goh et
al. (22) and Qadir et al. (23) published reviews focusing on water purification. Other reviews
focused specifically on filler materials including zeolites (9,24), metal organic frameworks (6),
nanoparticles (25), and 2D materials (26,27).

Considering the breadth of matrix and filler materials as well as applications that have been
investigated, one point of confusion in the definition of MMM s is the classification of the filler.
Most reports in the literature define the filler as inorganic, while still recognizing organic type
fillers as possibilities. For example, carbon nanotubes and graphene are two organic compounds
(i.e. made of only C, H, N, O) that have been categorized as organic and inorganic. Thus, the
confusion has arisen because of the somewhat arbitrary categorization of organic and inorganic
materials, because polymers are typically referred to as organics, and due to filler materials
behaving very differently than polymers.



A comparison of MMMs to different membranes is presented in Table 1. Note the different
categories for polymeric and organic membranes. Categorizing membranes into these four classes
helps alleviate some confusion, especially between organic, inorganic, and polymeric materials.
Although it is not common practice to present the class of “organic membranes” to mean those
such as graphene, it is the authors’ opinion this categorization is useful.

2. Production of Biochar and Activated Carbon

Biochar primarily is the solid product of biomass pyrolysis and is commonly used as a precursor
for AC, which is a unique material for various reasons. Variable particle sizes are achievable with
simple mechanical grinding or crushing methods. AC is highly porous leading to excellent
adsorptive capacity for various gaseous and aqueous species. They can also be functionalized by
physical or chemical treatment, making them versatile for various applications.

2.1 Pyrolysis

AC is typically produced from carbonaceous materials such as biomass, sludge, and petroleum
pitch via pyrolysis, a thermochemical decomposition of matter at a relatively moderate temperature
range of 200 to 700 °C. Currently, commercial AC is produced from coconut husks, wood saw
dust, and coal (36). The first step in producing AC is the formation of char from these carbonaceous
materials.

Depending on the pyrolysis conditions and end use, char takes on different names. Ahmad et al.
conducted a thorough review including the definitions used for the pyrolyzed carbonaceous
materials (37). In essence, char from a biomass feedstock has been labeled as biochar when it is
produced in a dry environment and used as a soil amendment. Hydrochar is produced from biomass
in an aqueous environment. On the other hand, charcoal is produced from coal and is meant to be
used as a fuel. In recent years, the term biochar has been used to convey solid-pyrolyzed biomass,
regardless of its end use. For simplicity, this paper defines biomass in its traditional sense, and AC
is any biochar or other precursor that is activated as described in the following section.

Two types of pyrolysis are frequently studied: fast and slow pyrolysis, with the principle difference
between them being the heating rate. In fast pyrolysis, the heating rate is on the order of hundreds
of degrees centigrade per second, reaching its maximum temperature within seconds. The heating
rate of slow pyrolysis, on the other hand, is on the order of tens of degrees centigrade per minute,
reaching a peak temperature after several minutes, hours, or days (38).

Reactions taking place during the pyrolysis of biomass have proven to be extremely complicated.
Depending on the feedstock, various products are formed based upon processing temperature and
residence time (39). Regardless of the chemical species formed, it is clear that the result of
pyrolysis is four unique product mixtures: 1) volatile gases, 2) bio-oils, 3) tars, and 4) solid char.
Previous studies have focused on maximizing yield and characterizing bio-oils (40). Bio-oils are
potentially low grade fuel sources or fuel additives, as their heating values are typically slightly
lower than conventional fuels (41). Tars are typically an undesired by-product of pyrolysis (42);
however, some research has been conducted on upgrading their by-products into more desirable
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compounds (43). There is also some potential in using the tar as a composite additive (44). The
solid that remains post pyrolysis treatment is the biochar.

2.2 Biochar

Biochar produced in the aforementioned section has several beneficial physical properties. Most
notably, various sized pores are formed that create a porous substructure with a large amount of
surface area (45,46,47). Depending on the biomass feedstock and pyrolysis conditions, surface
functional groups tend to form, influencing its hydrophobicity and wettability (48). Table 2 lists a
wide range of biochar derived from various feedstock and their relevant resulting properties. For
a detailed review on biochar formation mechanisms, properties, and how biochar functionalization
occurs, see Liu et al. (49).

In general, there exists a tradeoff between surface area and functional group formation as pyrolysis
temperature increases. At high pyrolysis temperatures, biomasses tend to break down into bulky
aromatics and lose their oxygen containing functional groups, which leads to high surface area. At
relatively low temperatures, biochars tend to retain their functional groups, but have lower surface
area. At extremely high temperatures, thermal cracking of the biochar occurs, causing pores to
collapse and decreasing surface area. Depending on the biomass, an optimal temperature can vary
between 300-800°C.

2.3 Activated Carbon

Once biochars are formed, they are subjected to activation treatments including physical, chemical,
or combination activation. The term ‘activated’ is most often used to describe the state of enhanced
physical and functional properties.

Physical activation involves high-temperature treatment of biochar with oxidizing gases, such as
carbon dioxide (63), steam (64), and air (65). Often physical activation leads to enhanced surface
area and pore density while oxidizing surface functional groups. The formation of C=0 and O-H
functional groups are typically apparent, whereas C-H and C-O functional groups usually
disappear.

Chemical activation involves first impregnating the biochar with a chemical compound and then
subjecting it to a high temperature treatment in an inert atmosphere or a vacuum. Typical activating
chemicals are acids, bases, and oxidizing agents such as zinc chloride or hydrogen peroxide (66).
An important parameter to consider during chemical activation is the impregnation ratio, or the
ratio of the activating agent to the biochar. Upon impregnation, the biochar is subsequently treated
at elevated temperatures in an inert atmosphere. This step is most often referred to as carbonization.
Following carbonization, the AC is typically washed with a weak acid or base to remove the
residual activating agent, and then washed with distilled or deionized water. Chemical activation
can lead to an increased surface area, pore size and volume, and tailored functional groups. Table
3 summarizes recent literature in terms of feedstock, activating methods, and resulting properties.

Chemical activation generally leads to the formation of carbonyl functional groups, such as
ketones and carboxylic acids. The hydroxide functional group is also typically present, though in
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varying degrees depending on precursor biomass. Another noteworthy trend commonly seen is a
maximum surface area achieved with respect to an optimal carbonization temperature. At
relatively low temperatures, pore formation is restricted while at relatively high temperatures,
functional groups tend to collapse and reduce pore size. Both scenarios result in lower specific
surface areas. It is also apparent that the higher the impregnating ratio, the higher the specific
surface area becomes for any one activating chemical at a specified temperature. Other factors
such as carbonization pretreatment and chemical washing of the AC tend to also influence the final
properties.

Due to ACs having large surface areas, pore volume, and functionality, they adsorb species from
both liquids and gases. Hence, regardless the type of fluid under investigation, liquid or gas, it is
necessary to consider the adsorption of each species onto the AC to fully exploit and understand
the separation capabilities of AC-MMMs.

2.4 Carbon Molecular Sieves

CMS are a class of AC which are derived from polymeric precursors rather than biomass. Despite
the difference in precursors, CMS are fabricated and activated in a manner very similar to that of
AC. This is by controlled pyrolysis and further chemical or physical activation (77). There are a
couple very important differences between CMS and AC. First is the resulting pore sizes after
pyrolysis. CMS typically contain pore sizes in the micropore and ultramicropore range (77), while
AC typically have a broad pore size distribution in the micro, meso, and macro pore region (78,79).
Secondly, CMS can be directly prepared into membranes. For instance, a cast membrane can
undergo pyrolysis and retain its shape, resulting in CMS membranes, or simply, carbon membranes
(80). Although an interesting class of membrane, carbon membranes are not included in this
review. Rather, CMS can be made into particles, by mechanical grinding, and used as a filler in
MMMs (81). These types of materials are discussed where appropriate.

3. AC Compatibility with Polymers and Solvents

The interaction of AC with both the polymer phase and solvent play an important role in AC-
MMM development. One issue is sedimentation, whereby particles tend to settle in the casting
solution rather than form a suspension. This is an occurrence that challenges the use of many
fillers, and notably AC, in MMMs (82). Sedimentation causes undesired variability in particle
loading, and skewed particle size distribution in the final membranes. To avoid separation from
casting solutions, particle size should be closely controlled as small particles generally remain
suspended in the solution longer (15). Another method is to ensure adequate mixing with
sonication, albeit partial sedimentation may occur in some solvents (83).

A secondary issue that usually arises from improper solvent selection is particle breakage, in which
some solvents possess the capability of etching formed pores in AC (84). This causes breakage as
depicted in Figure 1. Although the breakage of AC in solvent is not frequently considered, the
reduction in particle size and pore volume are two possible results that could cause unforeseen
effects to AC-MMMs.

The most prominent issue with MMMs, however, remains to be the poor polymer-filler interaction
causing unselective void space and consequently unselective membranes (6,24,85,86). While there
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is generally a good understanding of how some particles, such as colloids (87), interact in various
solutions, very little is thus far known about the exact AC-polymer interaction. It has been
suggested that the adsorption capacity of polymers by AC can be a good metric for compatibility
(88); nevertheless, this has only been investigated for water soluble polymers in the liquid phase
and not with interactions between two solid phases (88). Currently, photographic and
thermomechanical observations serve as the best metric for AC/polymer compatibility.

Imaging is sometimes used to observe adhesion between AC particles and the polymer within the
cross section of MMMs (89). Although not accurate, thin polymeric coatings surrounding AC
particles can indicate good compatibility. In terms of mechanical properties, when a specific AC
is compatible with the polymer matrix, mechanical properties tend to improve as measured by
increases in tensile strength (90), fracture stress (91), or Young’s modulus (90). Thermal properties
also tend to become enhanced, as measured by an increase in glass transition temperature (92,93).

Loading MMMs with AC of small particle size is one method to increase interaction (94). For
example, AC with a particle size of 750 nm demonstrated good interaction in a CAP matrix as
measured by an increase in fracture stress (91). Particles with sizes between 1.5 and 3.5 micron
showed good compatibility with a POMS matrix (89). However, it has been shown that, not only
does the average size influence AC/polymer interaction, but the size distribution does as well. AC
with a larger particle size distribution tend to disperse in a more inhomogeneous fashion and
agglomerate more frequently (89).

Other methods to improve polymer-filler interaction include utilizing AC that has similar
hydrophobicity or hydrophilicity as the polymer (95), which enables the binding of the polymer to
the AC particles and increases the likelihood of strong interfacial compatibility (85).

The incorporation of ionic liquid additives into the MMM has also shown to improve the
compatibility of filler/matrix (96). Ionic liquids act as a wetting agent between the particle and
matrix, preventing the formation of interfacial defects. Moreover, the use of ionic liquid additives
can prove versatile, as various anion/cation combinations are possible and can be tailored to
specific membranes or applications (97). Surfactant and other salt additives also serve to improve
the filler/matrix interaction by maintaining a particle suspension, preventing particle
agglomeration and subsequent sedimentation. Other low molecular weight additives can serve to
physically fill the void space between filler and matrix, improving the MMM performance (98).

The influence of functional groups is one of the most important factors to consider. Poor
intermolecular interactions between filler and matrix is the ultimate cause of interfacial defects.
Thus, much worked has been performed in fabricating and modifying fillers to improve this
interaction (98). Strong intermolecular forces like hydrogen bonding and dipole interactions are
prime targets. However, pi-pi stacking of highly aromatic fillers or matrixes can also contribute to
strong interaction (11). Various methods have been performed to achieve the desired functional
groups on fillers in MMM s. Grafting of various molecules such as silane coupling agents is a well-
accepted method, specifically for zeolites, silica, and carbonaceous fillers. Functional groups can
also be directly incorporated onto fillers by surface modifications. Variations in synthesis
conditions with additives is especially effective at creating multifunctional sites on metal organic
frameworks. Ion exchange treatment can also be performed to alter ionic sites to the filler (98).



AC presents an interesting case for functional group led design of MMMs. As discussed earlier
and shown in table 2 and 3, the functional groups present in AC is dependent on precursor and
activating method. Thus it is important to carefully consider the AC precursor and the parameters
that are chosen to create the AC, due to their influence on functional groups. Other, yet more
involved, methods for adding functionality and improving interfacial compatibility of AC have
been investigated. For example, Saranya et al. functionalized AC with alginate to form AC-
alginate aggregates, and then further cross-linked the aggregates with calcium as shown in Figure
2 (99). The alginate functionalized AC ensured active adsorption sites were available and
prevented AC agglomeration.

Another method of modifying AC to enhance its interaction with polymers is by grafting silane
coupling agents. Lan et al. grafted two different compounds, YDH-171 and KH550, to biochar
(Fig. 3) (95). By grafting with hydrophobic or hydrophilic compounds, the overall hydrophobicity
of the MMM s could be altered or enhanced. In this case, YDH-171 in a PDMS matrix resulted in
MMM s with higher hydrophobicity than pristine PDMS (95).

4. Fabrication of MMMs

MMMs are fabricated into two primary configurations: flat sheets and hollow fibers. Depending
upon the desired end application, membrane thicknesses can range between 10 — 200 microns, and
can have active layers less than 10 microns. Both flat sheets and hollow fiber membranes can be
formed in a similar fashion: casting solution formation, casting, and then precipitation. Each step
is detailed in the following sections.

4.1 Formation of Casting Solution

Several methods exist to formulate the casting solution (94). The simplest one is by simultaneously
dissolving the polymer and the AC in the appropriate solvent. Although quick and simple, this
method runs the risk of disrupting the polymeric chains and forming agglomerations. A slightly
different, but more common method, involves first dissolving the polymer in the solvent, then
adding the AC once the polymer is completely dissolved (15,90). While this reduces the risk of
disrupting the polymer chains, AC agglomerations may still form. In order to further reduce the
risk of possible agglomeration, some researchers have dissolved the polymer and AC in a solvent
separately, then combined the two solutions (89,100,101). Another method to reduce the presence
of agglomerations in the casting solution is to simply filter it using a fine mesh before casting
(15,102). In doing so, the casting solution is separated from agglomerates with a larger size than
the mesh utilized. For all methods, dispersion of the filler in the solvent and the polymer is
facilitated by mechanical stirring. Although polymer solutions are viscous, sonication can further
disperse the filler and eliminate trapped gases without degrading the polymer (103,104).

The concentration of the polymer in the casting solution, as well as the choice of solvent, are
critical parameters influencing pore size, thickness, free volume, d-spacing, and ultimately the
separation properties of the formed membrane (105,106,107). One of the most crucial parameters
for MMM s is the amount of filler added. That is, dilute amounts of filler can have negligible
influences on membrane properties, and high concentrations of filler tend to cause void formation,
agglomeration and surface ruptures.



4.2 Membrane Casting

Once the casting solution is made, it can then be formed into the desired shape. Most commonly,
flat sheet membranes are cast using a casting knife or doctor blade on a proper supporting material
made of glass or other rigid and inert materials (108). A moderate casting speed is usually utilized
ranging from 2 cm/s to 5 cm/s. Although, this can be difficult to control unless automated
techniques are utilized. In this way, the thickness of the membrane is controlled. With low viscosity
solutions, it is sometimes necessary to fill a mold with casting solution rather than cast it (109).

The process used to create hollow fiber membranes is commonly referred to as spinning. The
spinning process involves extruding a casting solution through an annular spinneret while a bore
fluid flows through the annular center of the apparatus. The flow rate of casting solution and bore
fluid are important parameters to consider and are typically set between 0.1 and 0.6 ml/min.
Several additional factors influence membrane morphology including the viscosity of the casting
solution, the bore fluid properties, as well as spinning parameters (110).

Using either casting or spinning, most single layer membranes can be fabricated. Similar
techniques are used to create two layer membranes, but with special instrumentation. For example,
a co-casting knife can be used to create two-layer flat sheet membranes with a combination of
MMM s and pristine polymer layers (111). Likewise, hollow fiber spinnerets can be equipped with
multiple nozzles to create a two-layer hollow fiber membrane (112,113). Both apparatuses are
depicted in Figure 4.

4.3 Phase Inversion
Once the casting solution is cast, it is necessary to precipitate the membrane. This can be done
using one of three methods: wet, dry, or combination wet/dry phase inversion.

4.3.1 Wet Phase Inversion

Wet phase inversion, sometimes called non-solvent induced phase inversion, can be used for
polymer matrices that are insoluble in water or another non-solvent. Once cast, the solution is
submerged into an appropriate non-solvent. Demixing of the solvent into the non-solvent occurs
rapidly, and the polymer membrane precipitates, typically leaving behind a dense top layer with a
porous supporting layer.

It is understood that the kinetics of the demixing process influence the type of porous supporting

layer. The demixing process can be explained using a tertiary phase diagram shown in Figure 5
(108).

The binodal line represents the cloud point of the ternary system and is physically the point where
demixing begins to occur and the polymer begins to precipitate. The position of the binodal as well
as the composition path show interesting trends in terms of membrane morphology. That is, when
the so called “instantaneous demixing” occurs, the composition path crosses the binodal line and
a finger like structure dominates. When “delayed demixing” occurs, the composition path does not
cross the binodal line, resulting in a spongy structure.



The ternary system is strongly influenced by the solvent and non-solvent as the location of the
binodal line changes for different components. A typical non-solvent is water since it is
inexpensive and environmentally benign, however, other non-solvents such as methanol, hexane,
acetone, and xylene have been reported (118,119). The binodal is also strongly influenced by the
presence of additives in the casting solution. Water soluble polymers like PEG and PVP, as well
as surfactants such as Triton-X, shift the binodal and influence membrane morphology
(120,121,122). Interestingly, the presence of fillers also causes a shift in the binodal line. While
this phenomenon has not been studied with AC, likely due to the difficulty in visualizing the cloud
point in black casting solutions, it was seen with metal particles (117), and likely exhibits similar
trends with AC. The shifts in the binodal line are the result of the strong affinity of the non-solvent
toward the additives or fillers, preventing the exchange between solvent and non-solvent.

Wet phase inversion usually results in asymmetric membranes with a dense top layer, which is
useful in gas phase separation applications. However, by adding pore forming agents or fillers to

the casting solution, pores begin to form, creating a membrane suitable for liquid phase separations
(99,120).

Adding filler particles to the casting solution tends to reduce the appearance of fingerlike structures
and results in spongy cross sections with an ultrathin selective layer as a result of delayed
demixing. However, combinations of pore forming agents, surfactants, and fillers can cause
interesting morphologies. One example worth noting used a PSF matrix, PEG pore former, and
Triton-X-100 non-ionic surfactant. AC was loaded into the MMM with 0.1, 0.5, and 1 wt.%
concentrations. The influence of AC loading on MMM morphology was investigated. The use of
Triton-X created a fingerlike morphology which broke down with the addition of 1 wt.% AC. The
surface pore size also increased with AC loading as shown in Figure 6 (121).

One interesting phenomena that has been documented during wet phase inversion with
hydrophobic AC is the tendency of AC to settle near the top surface of the membrane depicted in
Figure 7 (91,123). In this case, hydrophobic particles accumulate near the top of the membrane
due to the instantaneous exchange of solvent with water at the top of the membrane, resulting in
repulsion between AC and non-solvent near the bottom of the membrane causing migration of the
AC to the top surface (13,91,123). Thus, increasing the exchange rate between solvent and non-
solvent prevents this migration and particles remain randomly embedded.

4.3.2 Dry Phase Inversion

Another method of precipitating the membrane out of solution is by dry phase inversion, often
called precipitation by solvent evaporation. In this method, the solvent is removed from the casting
solution by evaporation rather than liquid-liquid demixing. The rate of evaporation, and thus the
environment, temperature, and pressure, are key variables that influence the membrane properties.
Dry phase inversion is typically performed in a vacuum or inert environment at elevated
temperatures (15,124). Although, some research has been performed in humid environments where
the relative humidity greater than 90% (125). Ambient environments are also utilized where the
presence of oxygen and normal humidity levels of less than 60% are considered (90,92). High
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humidity levels tend to create areas of nonsolvent induced inversion, creating a slightly more
porous surface which greatly influences performance (125). Otherwise, this method tends to
produce dense membranes with a nanoporous surface and a dense cross section (126). Increasing
amounts of AC produce cross sections with less homogeneity as shown in Figure 8 (89).

One major advantage to the dry phase inversion technique is the thermal treatment of the
membrane to influence free volume and chain rigidity (127). Moreover, the addition of AC tends
also to influence free volume and chain rigidity mainly due to the AC porosity and crosslinking
ability (95). When precipitated under appropriate conditions, this method works complimentary
with AC addition.

4.3.3 Dry/Wet Phase Inversion

The final method is a combination of the previous two methods. Typically, solvent in the casting
solution is allowed some time to evaporate before being submerged in a non-solvent (10,128,129).
The dry phase step is allowed to occur for seconds to minutes, then wet phase inversion completes
the precipitation. It is important to note, if complete precipitation occurs during the dry phase step,
the effects of the wet phase step are not evident. Hence, the dry phase step should be carefully
controlled as to not allow complete solvent evaporation.

In this case, a variety of membrane structures can form. Frequently, the benefits of both methods
are evident, creating asymmetric membranes with few surface defects (130). The dry/wet phase
inversion method is typically followed for fabricating hollow fiber membranes.

5. Relationship Between Surface Chemistry and Permeability

One of the main advantages of using MMM is the fillers’ influence on the surface chemistry and
separation properties of the membrane materials. The use of AC in MMMs has a significant impact
on the surface properties of MMMs. Their influence is greatly dictated by AC synthesis conditions
such as the temperature of carbonization, temperature of activation and activating agents (131).
Consequently, utilizing AC in MMM synthesis has an impact on some surface properties such as
wettability, hydrophilicity, hydrophobicity, porosity, surface roughness, polarity and surface
charge.

Wettability is a surface property that describes the ability of interaction between a solid and liquid
phase, and it is greatly affected by the hydrophilicity and hydrophobicity of the solid phase (2).
Wettability can be determined using the surface tension values obtained by measuring the contact
angle between the solid phase (the membrane) and the droplet of liquid on the surface. Hydrophilic
surfaces tend to have high surface tension values and they are characterized by the existence of
active functional groups that have the ability to form bonds with the fluid (2). On the other hand,
hydrophobic surfaces have a tendency to have low surface tension values and are characterized by
the lack of the active groups. As the contact angle decreases, the surface tension increases which
leads to a more hydrophilic membrane (2). On the contrary, increasing the contact angle decreases
the surface tension and hence results in a more hydrophobic membrane.
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It is important to note that the hydrophilicity and hydrophobicity of AC, as well as additives, in a
casting solution are the main factors that govern the wettability of a membrane. The introduction
of hydrophilic AC tends to create more hydrophilic surfaces (122), whereas hydrophobic AC
results in more hydrophobic surfaces (95). This is dictated by the functional groups present in the
AC and their electrostatic interaction with the polymer matrix. Localized electrostatic interactions
can cause a shift in electron distribution, creating a more or less polar surface (132). Another
possible mechanism to this trend is the migration of AC to the surface, and ultimate rupture, can
leave the AC surface exposed (123). The exposure results in high degrees of contact between
working fluid and the AC. Thus, the wettability of the MMM surface is defined by the wettability
of the AC. Furthermore, the use of surfactants in the casting solution has shown to be the dominant
factor, preventing shifts in contact angle regardless of AC loading, as demonstrated by Aghili et
al. (121). This is likely due to the smoothing effects of surfactants, leaving behind a smooth
surface, while preventing surface migration of AC, balancing any influence of AC (133,134).

Porosity is a surface physical property indicative of the void fraction in a material or on a materials
surface. As the amount of AC increases in a synthesized MMM, the membrane becomes more
porous which results in a higher flux (120,122). This effect can be potentially attributed to the fact
that AC can locally break surface tension, which results in the creation of surface pores in its
vicinity. By increasing the frequency of this phenomena through increasing the loading of AC,
porosity can be greatly increased (121). This property could be beneficial in the separation of
solutes from liquids due to increased wettability and pores available for liquid penetration. In gas
separation, on the other hand, porosity if most closely resembled by the FFV, in which gas
permeability is highly dependent. AC inherently adds FFV within the membrane due to the highly
porous nature of AC. The particles tend to increase the gaps between entangled polymer chains,
providing more space for diffusive transport. AC also tends to adsorb high affinity gases. This
results in higher rates of diffusion and solubility, hence improved permeation, as was demonstrated
by the study by Weigelt et al. (10).

Surface roughness is another physical property that is a function of the surface texture. Generally,
there is a directly proportional relationship between the amount of AC loaded and the surface
roughness. This typically results in higher fluxes as a result of increased specific area. This increase
in surface roughness is attributed to higher surface pore density and uneven settling in the polymer
phase caused by the presence of AC and particle agglomeration (121). AC with higher surface area
can cause rougher surfaces compared to AC with lower surface area as was shown by Anson et al.
(15) and Marchese et al. (124). This is a result of solvent being removed from the pores of AC
rather than the polymer. However, surface roughness is usually associated with fouling, an
undesirable property that can be mitigated by use of additives. For instance, according to Hwang
et al., the addition of PEG to AC-PPSU membranes resulted in lower surface roughness. In
membranes with 0.25% AC, the surface roughness was 360.0 without PEG, 72.1 with 6% PEG,
and 119.0 with 12% PEG (120).

Polarity is a significant property in membrane science for gas separation. It can be described as an

uneven distribution of charge across a molecule where it is believe to govern the gas solubility and
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the membrane selectivity (131). For instance, the polarity of a surface tends to increase due to the
presence of oxygen complexes on the surface of AC, which impacts the sorption properties of the
surface (131). In order for a gas to permeate, the polarity of both the membrane and the gas should
match. This means that MMMs with AC tend to permeate more polarizable gases or vice versa
depending on the polarity of AC-MMM.

Surface charge generally originates from the dissociation of ionizable groups present at the surface
(2). For example, small anions are negatively charged because they are more polarizable than
cations and tend to adsorb on hydrophobic surfaces (2). Moreover, surface charge and electric
potential are both pH dependent where they shift from negative to positive as the pH decreases
from basic to acidic (2). The surface charge is an important property in membrane characterization
because it usually correlates to the tendency of fouling or even the state of fouling on membranes
(2). Therefore, the more positively charged the surface is, the higher the fouling is in the
membrane.

6. Application of AC-MMMs

Various separation applications have been investigated with AC-MMMs. Table 5 summarizes the
most relevant recent studies, in terms of the membrane matrix, AC material, and the intended
application. Significant findings are highlighted and detailed in following sections.

6.1 AC-MMM uses in Water Purification

6.1.1 Rejection of Heavy Metal Ions

Due to the excellent adsorption capacity of AC, many researchers have investigated AC-MMMs
for heavy metal ion rejection. In doing so, the selectivity of the matrix material, as well as the
adsorption of the AC, are exploited to result in typically better rejection and permeation compared
to the neat membrane or AC alone.

Jinsong et. al., reported 93.7-100% rejection of Cu** and 95.2-100% rejection of Pb?" with a flux
of near 33 LMH using a PSF hollow fiber membrane loaded with biochar (3-50 microns from
sugarcane bagasse) (122). They also reported a recovery rate of 140 Lm™ of water from Cu**
solution and 1500 Lm™ from Pb*" solution before the defined breakthrough point (122). In another
study by Hosseini et. al., PEI matrix with nano size AC were tested for copper and sulfate ion
rejection; where membranes with 0.5 wt.% AC rejected copper ions at 96% and sulfate ions at
94% (123). Both studies observed an increase in flux compared to the pristine membranes with
acceptable rejection of both Cu?", Pb*", and sulfate; completely attributed to adsorption onto the
AC fillers. A different study by Hofman et al. detected differences between using biochar and AC
from coal using a PES matrix due to acid functional groups in the AC (136). Biochar was more
effective in removing Cu?" at initial concentrations below 10 mg/L, and the AC loaded membrane
was more effective with initial concentrations greater than 15 mg/L (136).

PSF loaded with AC from palm kernel shells showed a permeability/rejection tradeoff for Ag”,
Pb?*, Cd**, and Cr**. Pristine PSF membranes showed low flux, but near 100% rejection of all
ions. Flux increased from about 10 LMH to 50 LMH as AC loading was increased from 0% to
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0.9%, but major decrements in rejection for all species were observed (135). The optimal AC
loading was suggested to be 0.3 wt.% in which rejection followed the order: Cd** >Cr**>Ag* >Pb?,
This is nearly consistent with the order of ionic radii, which would indicate size exclusion
rejection. However, Cd*" has the smallest ionic radius but had the highest rejection. This is likely
because it could easily penetrate the matrix, but was chemisorbed by the AC. This along with
higher rejection with increasing AC loading indicated that size exclusion and adsorption played an
important role in the rejection of each ion (135).

With adsorption being the principal mechanism of heavy metal ion rejection, regeneration of the
AC within the membrane becomes an issue. Chemical regeneration is required to remove metal
ions from AC, but the matrix material must also be considered to prevent damage. He et al. showed
that regenerating spent AC-MMM s with nitric acid resulted in acceptable performance, observing
a decrease in rejection of Cu?" from 93% to 87% and of Pb*" from 95% to 86% after regeneration
(122). Nevertheless, more studies are clearly still needed to better resolve the regeneration issue
and comfortably proclaim that the hurdle has been cleared.

6.1.2 Rejection of Uranium

While some conventional separation methods to remove U from water (absorption, ion exchange,
precipitation) can be used, they typically only have high rejection when treating solutions with
high U concentrations (on the order of ppm) (137,145). However, U typically exists in relatively
low concentration in water (on the order of ppb), making it difficult to remove using these methods.
MMMs have been demonstrated to capture U from water at these lower concentrations via a
combination of size exclusion and adsorption.

Rodriguez et al. investigated a CTA membrane with micron sized commercial AC for dilute (0.7
ppm) U removal (4). Membranes with 3 wt.% AC loading achieved the highest U removal of 41%
with a feed pH of 7. The flux across the membranes averaged 363 LMH/bar. The high flux and
high rejection, despite agglomerates and apparent pH rejection dependence, indicate adsorption of
U on the AC was the predominant mechanism of separation.

The same group was able to increase the U removal of dilute solutions to 50% by introducing iron
into the uranyl feed solution or by incorporating iron into the AC by chemical impregnation (138).
This effect also indicated that adsorption dominated rejection. Additionally, in using the MMM
with iron doped AC, homogeneous dispersions of AC were achieved, which allowed for more
efficient adsorption. Although adsorption appeared dominant, the group noted complex rejection
behavior for various species in the uranyl solution with varying pH, indicating size exclusion was
also present.

6.1.3 Rejection of Aromatic Compounds

Phenol is a high priority water pollutant that is commonly studied (146). The removal of phenol
from water can be achieved with both ultrafiltration and adsorption using MMMs, making them
an ideal class of membrane for this process.
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Saranya et al. used a PPSU matrix with functionalized AC from acacia fumosa seeds for the
removal of phenol from water (99). Functionalizing the AC aimed to prevent agglomerations in
the casting solution and ultimately within the membrane and to increase rigidity to maintain active
sites for adsorption. The pristine polymer had nano-sized surface pores when cast and precipitated
by wet phase inversion, as has been documented before (147,148). The surface pore size increased
to nearly one micron until the surface became dense with 1% loading of AC. This indicated that
even with functionalized AC, agglomerations still formed at high loadings and pore blockage by
AC become more apparent.

The phenol rejection efficiency by the MMMs was found to increase with AC loading. However,
the amount of phenol adsorbed by the AC decreased with higher loadings (99). This indicated that
active adsorption sites became less available, marking a shift between adsorption dominated
rejection to a combination of adsorption and size exclusion. The flux first increased from 14.5
LMH in the pristine polymer to 26.9 LMH in the 0.25 wt.% functionalized AC loading and then
decreased as the loading increased to 1 wt.% as a direct result of decreased porosity and fewer
surface pores.

The use of nano sized (750 nm) AC seemed to prevent agglomeration in a CAP membrane,
allowing for 25 wt.% loading (91). A flux of 64 LMH flux and 96% rejection for phenol was
attributed to an increase in both specific surface area and hydrophilicity compared to the pristine
membrane due to the AC. These two properties appeared to maximize the flux and active sites
available for adsorption as depicted in Figure 10. Despite the high concentration of AC near the
membrane surface, fouling was still present and 10% reduction in flux was seen even after acid-
alkali regeneration, indicating irreversible fouling (91).

The same group also investigated a 70 nm AC in a hollow fiber PSF matrix (13). Although surface
pores were visible in the pristine and low loaded membranes, they noted a decrease in surface pore
volume at AC loadings larger than 1 wt.% as a result of pore blockage (13). As noted before, the
addition of AC lead to a more hydrophilic membrane, however, the PWF decreased with increasing
AC loading. This signifies competition between pore blocking and surface hydrophilicity on flux.
In this case, the pore blockage was more dominant, restricting flux.

They also found that a membrane with 2 wt.% AC was optimal in terms of flux and adsorption of
benzene, toluene, and phenol. The pH dependent rejection was attributed solely to adsorption by
the AC, and was a maximum of 96% for benzene, 88% for toluene, and 80% for phenol at a pH of
4 (13). The influence of pH was shown to influence the zeta potential of the MMM surface. Acidic
solutions resulted in higher zeta potentials. Thus, less polar molecules could more easily be
adsorbed by the AC in the MMM. Hence, the lower rejection for phenol was primarily caused by
its negative -OH functional group, limiting its adsorption. The —CH3 group on toluene is slightly
less negative, promoting higher adsorption than phenol. The absence of negative functional groups
on benzene was the reason for its high adsorption.
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Another aromatic water pollutant that has been investigated by AC-MMMs is humic acid. The
rejection of humic acid is commonly probed in membrane applications because it is a major source
of fouling on many polymeric membrane materials (16,149,150). A study by Lin-Luen et al. used
a PEI-PPSU polymer blend, which was loaded with 0.25wt.% AC from bamboo and 6 wt.% PEG
as a pore forming agent, to achieve a removal efficiency of 84%, as shown in Figure 11 (120). The
addition of PEG not only helped create a spongy cross section with surface pores, but additionally
helped in reducing surface roughness caused by the addition of AC. In membranes with 0.25 wt.%
AC, the surface roughness was 360.0 without PEG, 72.1 with 6 wt.% PEG, and 119.0 with 12
wt.% PEG (120). This is an interesting observation since rougher membranes typically lead to
higher degrees of fouling. Hence, adding PEG can potentially mitigate fouling. Membrane porosity
was also improved by the addition of AC as measured by PWF. As the AC loading increased from
0.25 wt.% to 1 wt.% without the addition of PEG, the PWF increased from 271 to 535 LMH (120).
The exception was in membranes with 0.50 wt.% AC, adding 12 wt.% PEG into the casting
solution slightly increased the PWF from 428 to 452 LMH (120).

6.2 AC-MMM uses in Biological Solute Rejection

The separation of biomacromolecules from various media pose an interesting challenge for
membrane processes, mainly due to fouling issues. Some researchers have investigated AC-
MMMs for biological solute rejection, utilizing their antifouling properties and enhanced
permeability resulting from pore formation.

6.2.1 Removal of Organic Matter

PSF matrix loaded and coated with powdered AC (<74 microns from sorghum) proved to be
effective for the removal of organic matter from cheese whey wastewater (121). The rejection was
quantified in terms of COD and UV2sa.

AC-loaded membranes showed improved rejection of COD and UV2s4 shown in Figure 12a. The
COD rejection increased from 38% in neat membranes to 44% in 0.5 wt.% AC-MMMs. Similarly,
UV2s4 removal increased from 42% to 48%. A rejection decline in both was seen with 1 wt.% AC-
MMMs. The waste water flux, shown in Figure 12b, was similar in membranes loaded with 0.1
and 0.5 wt.% AC, and was higher than both the neat membrane and the membrane loaded with 1
wt.% AC (121). Though, all membranes showed a decline in flux with time, indicating pore
blockage and cake formation on the membranes.

To combat cake formation, AC was used to coat the 0.5% loaded membrane. When coated with
30 g/m? AC, rejection increased to about 80% due to the additional sites for adsorption. In
membranes coated with more than 30 g/m?, there was no increase in rejection due to AC
agglomeration leading to fewer active sites (121). Surprisingly, the waste water flux increased
proportional to the amount of coating despite the extra thickness caused by the added layer. The
coated membranes still showed a flux decline with time, indicating fouling was still present.
However, after physically cleaning the surface, the waste water flux returned to near its original
value before filtration. As shown in Figure 12, the flux of the coated membrane remained constant
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after cleaning, whereas the neat and uncoated membranes saw a flux decline after cleaning. This
means the irreversible fouling was reduced by coating the MMMs with AC.

6.2.2 E. Coli. Removal

Considering E. coli. is relatively large (0.5 microns wide by 2 microns long) and leaves membranes
susceptible to bacterial growth over time, antimicrobial membranes with relatively large pores can
be advantageous.

Hassan et al. investigated a novel MMM configuration made with two layers for the removal of E.
coli. (78). It consisted of oxidized CNF intertwined with AC deposited on a porous paper support
covered in un-oxidized CNF and a PAE crosslinking agent. Two methods of formation were
investigated. 1) direct drying and 2) rinsing with isopropyl alcohol prior to drying. Drying with
isopropyl alcohol resulted in membranes with a more porous surface (78). The membrane with AC
in the bottom layer was more porous than membranes without the AC in the bottom layer.

In the membranes formed by direct drying, adding the AC layer enhanced PWF, from 55 LMH
without AC to 158 LMH with AC, due to pore formation in the CNF layer even though the AC
was not directly introduced into that layer. Increased PWF was observed with the isopropyl alcohol
drying, and the membrane with AC showed relatively higher PWF as they saw an increase from
165 LMH to 425 LMH as a result of the AC. The flux with bacteria suspensions was significantly
lower, at 139 in CNF and 345 in CNF-AC, which was a result of pore blockage by the bacteria
(78). The removal of E. coli. was slightly improved from 97% to 99% with the addition of AC, as
aresult of adsorption by the AC layer. They found that the CNF-AC membranes were antibacterial,
showing no growth after 24 hrs. at 37°C (78).

6.2.3 Blood Plasma Toxin Removal

In purifying blood plasma, it is crucial to prevent contamination, thus AC presents some hazards
as AC-MMMs pose the risk of particles breaking free and entering the passing fluids (151). One
method to ensure this does not happen is by using a two-layer membrane with a pristine polymer
on one side.

A two-layer PES-PES/AC membrane was investigated for the removal of creatinine from blood
plasma by Tijink et. al. and is shown in Figure 13(a) (111). The particle free PES layer was used
to ensure AC was not mixed with the retentate. This two-layer architecture was achieved using an
adjustable co-casting knife. The cross sections were influenced by a PVP additive in the casting
solution, and 60% NMP in the coagulation bath for the phase inversion. They showed that between
50-70% AC relative to the PES could be loaded while maintaining a spongy cross section (111).
This architecture observed decreased water permeance from 1839 LMH/bar in the single layer
MMM to 350.7 LMH/bar in the dual layer. This is likely a result of the surface of the particle free
layer adding resistance to flow. The particle free layer did not reduce creatinine concentrations,
whereas the single layer MMM and dual layer particle free-MMM reduced concentrations by about
80% (111). This was compared to creatinine adsorption on the AC alone, and was similar,
indicating that the active sites on the AC in the MMMs were readily accessible (111). Both
diffusion of creatinine through the membrane as well as adsorption by the AC was simultaneously
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responsible for the removal of creatinine (111). It is important to note that this removal was
accomplished without major changes in plasma osmolality, pH, or total protein concentration.
Major changes in these values would be detrimental to dialysis patients.

Tijink et al. also studied the removal of other toxins from plasma with a two layer hollow fiber
membrane depicted in Figure 13(b) (112). This configuration was achieved using a triple layer
spinneret. PES/PVP/AC membranes were fabricated by the dry-wet spinning method in air and
further precipitated in PVP or NMP solutions. They observed good dispersion of AC with no
macro void formation. Using a 5% PVP in water solution as the bore fluid resulted in a circular
bore, whereas using only water resulted in irregular shapes (112). The membrane with the highest
pure water permeance was made with the NMP containing bore fluid and was used throughout the
study. The clean water permeance was 58.4 LMH/bar and it was shown that no delamination or
AC losses occurred.

Creatinine was investigated as the water soluble toxin. HA, IS, and PCS were also investigated
and represented PBTs (112). The creatinine adsorption by the hollow fiber membrane of 100 mg/g
was higher than the flat sheet configuration at 29 mg/g for the same feed concentration. Creatinine,
HA, IS, and PCS all showed similar adsorption capacities in the dual layer MMM as was also
observed in the AC alone, indicating good accessibility. In cross flow measurements, nearly 40
mg/g (creatinine/membrane) was removed after 4 hours. The removal of PBTs in cross flow was
mostly attributed to adsorption on the MMM. This is in contrary to creatinine rejection, which
combines adsorption with diffusional effects. Removal, in mg PBT per gram of membrane, was
about 14 for HA, 3.5 for IS, and 2.3 for PCS (112). It is important to note that albumin was able
to pass through the membrane and osmolality decreased over time. However, no changes in pH or
salt concentrations were detected.

6.3 AC-MMM uses in Pervaporation

Pervaporation has frequently been investigated for the dehydration of organic compounds,
especially alcohols. This process offers a unique cross between liquid and gas phase separation
because both phases are in contact with the membrane. Thus, the rejection of a polar liquid species
on the surface and the diffusion of a less polar gaseous species in the free volume of a membrane
is required. This provides an interesting challenge for AC-MMMs due to the AC influence on
surface hydrophobicity and free volume. Moreover, as most AC-MMMs result in hydrophilic
surfaces, modifications to the AC are required for enhanced properties.

Lan et al. investigated the modification of biochar created from lodgepole pine bark with KH-550
and YDH-171 (95). The nano-sized “grafted biochar” was loaded into a PDMS membrane and cast
on a cellulose acetate support and allowed to precipitate in air for 24h. The grafting resulted in
weaker —OH stretches in the biochar, and ultimately an increase in water contact angle and a
decrease in ethanol contact angle in the MMM s. These changes indicated that the neat membranes
became more hydrophobic with the addition of grafted biochar and has a stronger affinity toward
ethanol (95). The hydrophilicity on the YDH-171 was stronger than KH-550 due to the presence
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of a hydrophilic -NH2 in KH-550. Likewise, MMMs with YDH-171 showed stronger compatibility
with ethanol.

Both biochars showed an increase in flux with an increase in loading up to 4 wt.% due to an
increased free volume. However, the separation factor decreased in both cases after 3 wt.% likely
due to the formation of macrovoids within the membrane. An increase of ethanol in the feed
solution resulted in lower flux but higher separation factors. MMMs loaded with 3 wt.% biochar
at 40°C and 10 wt.% ethanol feed concentration performed best. The YDH-171 MMM performed
relatively better with a separation factor and flux of 11.3 and 227 LMH. The KH-550 MMM had
a 10.1 separation factor and a flux of 225 LMH (95).

Another AC that resulted in MMMs with stronger affinity toward the alcohol was nano sized (20-
40nm) AC with higher specific surface area (1400 m?/g) (109). When fabricated by the dry phase
inversion method, the addition of AC resulted in a rougher PDMS surface, increased degree of
swelling, and an increase in water and butanol contact angle caused by the AC (109). A lower
contact angle was seen with butanol than water, indicating higher affinity of butanol with the
membranes. The permeability of both butanol and water increased when AC loading was increased
from 0 to 6%, but then decreased slightly at 8% loading. However, the separation factor increased
for the entire range of AC loadings (109). The decrease in permeability from 6 to 8% loadings was
likely the result of agglomeration forming within the membrane, creating a longer path for
diffusion. Optimal results were seen at 6% AC loading with a butanol permeability of 9.49x107 g
cm/s cm? bar. Separation factor increased with increasing temperatures within the range of 37-
57°C.

6.4 AC-MMM uses in Gas Separation

The use of MMMs has especially attracted attention for gas phase separations due to the
permeability/selectivity limitations of polymeric and inorganic membranes. MMMs offer multiple
mechanistic pathways (152) capable of exceeding the permeability and selectivity upper bounds
suggested by Robeson (153). Moreover, Chuah et al. recently formulated a metric for MMM
performance based on filler/matrix properties (154). They presented an “F-index” which quantifies
improvements in permeability and selectivity. AC and CMS MMMs consistently showed F-index
values greater than 1 with many polymers, meaning they are likely to improve both permeability
and selectivity in MMMs.

Although Robeson’s upperbounds were correlated specifically for membranes undergoing solution
diffusion, AC-MMMs are often compared to this upperbound (10). However, the use of this
comparison may not be accurate not only because of the mechanistic difference, but also because
of the difficulty in establishing and measuring the active layer used in the permeability calculation.
Nonetheless, AC-MMMs have shown promising results for two classes of gasses: small, low
molecular weight, non-polar gas mixtures and higher hydrocarbons.

6.4.1 Small, Low Molecular Weight, Non-Polar Binary Mixtures

The gas pairs consisting of a combination of He, Hz2, O2, N2, CO2, CH4 present some of the most

difficult, industrially relevant gases to separate due to their similar size, polarity, and low boiling
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points. The use of AC-MMMs has yet to be exceptionally successful in their separation, however,
many important studies offer insight into their behavior.

The influence of AC size was investigated in an ABS copolymer membrane for CO2/CH4
separation (15). Two AC of different particle size were utilized. The AC with lower surface area
and larger size ultimately lead to better CO2/CHa4 permselectivity. However, more filler was needed
to achieve this. It was suggested that poor polymer filler interaction was improved by the
butadiene-styrene block in the matrix. Both CO2 permeability and CO2/CHa4 selectivity was
improved with the addition of AC particles. Higher loadings led to further increases in
permselectivity up to 10 wt.% in the smaller AC, and 40 wt.% in the larger AC (15). Increases in
permeability and selectivity were attributed to selective surface diffusion through the pores of the
AC. This is reasonable considering CO2 is the more adsorbable of the two species. The use of dry
phase inversion technique was critical to the increase in permeability, as nano-sized pores and
surface roughness were enhanced with the addition of AC (15,124). Moreover, AC with higher
surface area and pore volume resulted in increased roughness due to the solvent being eliminated
from pores in the AC rather than from the polymer (124). This results in localized variation in
mass transfer around the AC particles, creating a higher tendency for node and valley formation
compared to pristine membranes (155).

The influence of particle surface area was opposite to this finding in a Matrimid-CMS MMM. Two
different CMS nanoparticles (1079 and 538 m?/g BET) showed similar performance when used
for CO2/Nz2 separation (11). In this case, the gas diffusion through the particle/matrix void space
was more significant than the diffusion through the particle pores. None the less, membranes
showed improved performance compared to pristine Matrimid, with a 14.9 barrer permeability and
38.9 ideal CO2/Nz selectivity (11).

On the other hand, a PEBAX matrix loaded with 25 and 50 wt.% (relative to the polymer phase)
AC saw a different trend (139). Similar CO2/CH4 selectivity was seen in the neat and 25 wt.%
loaded membranes, but a large drop in selectivity was observed at 50 wt.% loading. CO2
permeance was the following order: neat PEBAX<25%<50%. The increase in permeability was
attributed to diffusion through the pores of the AC as well as unselective void space in the 50 wt.%
loaded membrane (139). This is further evidence that there is an optimal loading before the
formation of unselective void space.

Garcia at el. also studied AC loaded in a PEI matrix (90). Using optical microscopy, they were
able to determine that 2% loading of AC resulted in homogeneous dispersion of AC in the PEI. At
higher loadings, agglomerations were observed by measuring visible particle size and comparing
it to the original particle size distribution. (90). It was also shown that the d-spacing decreased
with increasing AC loadings, likely the result of rigidification of the polymer structure. They also
saw an increase in pure gas permeability in all pure gases tested with increased AC loading. A
simultaneous increase in selectivity for H2/CHa, H2/CO2, and O2/N2 gas pairs was also observed,
resulting from a decrease in the diffusion coefficient and an increase in solubility due to
preferential sorption of Oz, COz2, and CH4 in the AC particles (90).
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The same group studied a PVC membrane cross-linked with a difunctional amine: 4,4’-
oxidianiline loaded with AC up to 60 wt.% (102). After creating the casting solution, AC
agglomerations were filtered. They noted that the top and bottom surface of membranes loaded
with 60% AC were similar and contained visible void spaces around the AC (102). Using a
crosslinking agent favored the formation of a less permeable porous structure. X-ray diffraction
revealed that cross linked membranes had a lower degree of crystallinity aided by AC loading.
Thermogravimetric analysis showed that as the AC content reached 60 wt.%, the thermal behavior
was dominated by AC rather than matrix phase. Increasing amounts of cross linking and AC
loading also influenced an increase in gas permeability as predicted due to void spaces in the
membrane surface (102). Membranes loaded with 60% AC showed Knudsen selectivity as a result
of that void formation. However, their selectivity was dissimilar to the Knudsen selectivity in
cross-linked membranes with 23 wt.% AC. They suggested a combination of sorption-diffusion
and Knudsen diffusion was observed (102).

Another study demonstrated that a reduction in surface defects was shown to occur by using a
dry/wet phase inversion method on an AC loaded Matrimid matrix (10). Solvent and non-solvent
were chloroform and methanol. Good polymer-AC interaction was verified by an increase in glass
transition temperature with an increase in AC loading (10). Despite the AC causing a rougher
surface than pristine membranes, the AC tended to accumulate near the bottom of the membrane
due to settling during the dry phase inversion step.

For all gases, there was an increase in permeability with increased AC loading and very small
changes in selectivity for most gas pairs. A significant difference between the measured selectivity
and the predicted Knudsen selectivity showed that solution diffusion was the primary mechanism,
attributing the increase in permeability as a result of adsorption and surface diffusion through the
AC (10).

The formation of void spaces with high amounts of AC was also apparent in a PES matrix. With
10 wt.% AC, macrovoid formation was present as a result of poor compatibility (92). The Oz and
N2 permeance was higher in the MMM s than pure PES, showing increased transport proportional
to increased AC loading until 10%. A similar trend was seen in O2/Nz selectivity, where an increase
in selectivity was observed with membranes made with 1 and 5 wt.% AC followed by a decrease
at 10 wt.%. Still, this decreased selectivity was higher than the pure PES (92).

Vu et al. showed that priming of CMS with small amounts of PSF before being placed in contact
with dissolved Matrimid helped to decrease agglomeration and interfacial defects (7). Moreover,
thermal annealing in combination with priming significantly reduced defects, enabling defect free
membranes at loadings of 35 vol.%. Interestingly, this led to an increase in selectivity for CO2/CHa
and O2/N2 but overall lower permeabilities than the pristine polymer.

Facilitated transport of COz by alkanolamine embedded in dense PES-CMS membranes proved to
be highly effective for CO2/CHa4 separation (81,140). In this case, CMS and the alkanolamine
components opened multiple pathways for gas transport through the membrane. Increased loading

of the alkanolamine solution resulting in increases in CO2 permeance while maintaining CHa
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permeance. This resulted in a CO2 permeance of 117.32 GPU and CO2/CHa selectivity of 20.1
with a membrane made of 20 wt.% PES, 30 wt.% CMS, and 15 wt.% alkanolamine in NMP
(81,140).

When compared to MMMs containing other common fillers, CMS and AC-MMMs perform
average in the case of CO2/N2 and H2/CHa separation. In the case of CO2/CHa4, O2/N2, and H2/COa,
several of these membranes showed superior performance. This comparison is shown in Figure
14, where various MMMs were grouped by filler type. Plots were constructed from data listed in
various review articles (17,18,20,21,24,82,94,152,156) as well as other recent literature. While the
choice of matrix material is of crucial importance, these plots demonstrate the viability of using
AC in MMMs. They also highlight the need for more studies, as there is no apparent trend seen in
AC-MMMs for these applications.

6.4.2 Higher Hydrocarbons
The separation of higher hydrocarbons (C3+) from methane is also a challenging task is which
membranes can compete with existing technologies (157).

Mushardt et al. studied a POMS MMM loaded with AC at 1.5 and 3.5 microns particle size for the
separation of n-CsHio and CHa (89). A silicon coating was applied to seal surface defects.
Adsorption studies on the AC particles showed that the AC had a higher affinity toward n-C4Hio
than CHa4. As the amount of AC loading increased, membrane cross sections became less
homogeneous and were more pronounced for smaller AC sizes. Defects were seen with 40 wt.%
(relative to polymer) loaded membranes despite silicon coating. Smaller particles tended to result
in more frequent defects (89).

That same study also found that the addition of AC led to a reduction in the swelling effect
commonly caused by n-CsHio and a decrease in n-C4Hio permeance proportional to increased AC
loading. MMM s with smaller particles showed higher permeance compared to the larger particles.
However, membranes with 20 wt.% (relative to polymer) loading showed the highest n-C4H10/CH4
selectivity. They concluded that particle size had little influence on selectivity, indicating that pore
size, not particle size, controlled permselectivity behavior in these membranes (89).

A follow-up from the same group studied the performance properties of mixed gases of higher
hydrocarbons using the same POMS-AC MMM (79). They noted that swelling caused by n-CsHio
uptake played an important role in both permeability and selectivity. Using a mixture of 5 mol%
n-CsHio in CHa4, they saw higher n-C4Hio permeance in the pure POMS membrane, but a higher
selectivity in the MMM containing 20 wt.% AC. For feeds with less than 2% n-CsHio, the
permeance of n-C4Hio was lower in the MMM s, and the selectivity was equal for both membranes
(79).

They also tested a gas containing 19% of higher hydrocarbons consisting of CH4, CO2, C2Hs, C3Hs,
n-CsHio, and n-CsHi2. The permeance of each species followed the condensability, increasing
proportionally with the number of carbons. Likewise, selectivity with respect to CHa also increased
with number of carbons (79).
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6.5 Proton Exchange AC-MMMs for a Direct Methanol Fuel Cell

Important parameters in proton exchange membranes for a direct methanol fuel cell are proton
conductivity, limited methanol permeability, and overall stability. AC-MMMs contend for this
application because the polymer serves to provide flexibility and ion exchange capacity while the
AC serves to enhance dimensional, thermal, and mechanical stability and enhance proton
conductivity and water uptake (158).

Nafion is the most common membrane material for fuel cell applications. It is typically formed by
tradition phase inversion or sol gel methods. AC can be introduced into the casting solution readily
before inversion (142,143). Chai et al. utilized a unique method to produce and incorporate AC
into a Nafion in a single step. A glucose solution was introduced to a swollen membrane and then
hydrothermally reacted to carbonize the glucose (144).

Hydrophilic AC can be used to improve the water uptake in proton exchange membranes. The
increase of water in the membrane enhances proton conductivity, improving the performance of
the membrane. Several studies have shown this increase. Guo et al. reported an increase from 28%
to 48% water uptake with 1 wt.% nano AC (141). A similar increase was observed by Tsai at al.,
however 15 wt.% AC was need to achieve 65% water uptake (142). Chai et al. further
demonstrated the water uptake potential, measuring 140% uptake with a 10 wt.% AC loading
(144). At low loadings, this variation with AC loading is the direct result of hydrophilic properties
of the AC. At higher loadings, the AC may become agglomerated, reducing active sites available
for water adsorption. In turn, the water uptake becomes limited with increasing AC loading. The
increase in water uptake and electrostatic repulsion of AC to methanol resulted in an increase in
proton conductivity and simultaneous decrease in methanol permeability (144). Importantly, the
power density is also influenced by introducing AC. With 3.6 wt.% AC, an increase from 25.2
mWcm™ in pristine Nafion to 36.3 mWcm™ in one instance (144). However, with AC loading
exceeds a certain concentration, increased resistance between the membrane and electrode can
occur, resulting in a reduced power density. Likewise, too high loading resulted in particle
agglomeration leading to poor mechanical performance, hindering the viability of AC-MMM use.

7. Predictive Models

Modeling is regularly needed and used to guide experiments, design specific unit operations, and
optimize process. Because of this, many predictive models have been developed for MMMs. A
thorough review of these models was conducted, presenting numerous models for MMM s in ref.
(152). However, there are no apparent studies that have aimed to develop models specifically for
AC-MMMs. This is likely due to the complexity of pore size distribution, functionality, and
irregular shapes of most AC, rendering general predictive behavior difficult to formulate (122).
Nonetheless, existing models have shown some accuracy for AC-MMMs and are further
discussed.

In liquid phase separation, the rejection of dissolved solutes can be predicted with adsorption
isotherms. Several studies have highlighted the similarity between amount adsorbed on standalone
AC, and AC-MMMs (4,13,78,122,123)
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As AC has traditionally been used as an adsorbent, much research has been performed on isotherm
type specifically for heavy metal ions including arsenic (V), cadmium (II), copper (II), mercury,
nickel (II), lead (II), magnesium, and zinc (159,160). Typically, a Langmuir isotherm (monolayer
coverage) describes the equilibrium adsorption well, although, the Freundlich isotherm
(monolayer) is relatively common for high concentration solutions. The Langmuir isotherm also
accurately depicts adsorption of larger molecules such as creatinine (112) and phenol (91). It is
important to note that these isotherms depict the equilibrium adsorption capacity, making them
accurate for cross flow filtration setups with recycled streams. Adsorption kinetics are required to
accurately predict rejection with cross flow or dead end filtration systems without recycle streams.
Some researchers have found diffusional effects to be slightly influential on predictability, for
example with the removal of phenol from water (99) and creatinine from blood plasma (112). The
common equilibrium isotherms that help predict liquid separation by AC-MMMs are shown in the
following equations:

Langmuir _ QmK,Ce (1)
1= 11k,cC,
: 1/n
Freundlich e = KiC, f (2)
Temkin RT 3
de = - In(K7C,) ®
T

where q, is the mass normalized equilibrium adsorption amount, @Q,, is the maximum adsorption
capacity of a solute on AC, C, is the equilibrium concentration of the permeate, R is the universal
gas constant, T is temperature, K, is the Langmuir constant, K and n are Freundlich constants,
and K, is the Temkin constant.

Kinetic isotherms can also be useful for AC-MMMs. With the known AC loading and an
estimation of the time constant within the membrane, the permeate concentration can be estimated.
Three common kinetic isotherms which have been applied extensively to AC adsorption are shown
here in their linearized form:

Pseudo 1% ky 4)

order log(qe — q¢) = logq. — (2.303) t

Pseudo 2™ t ( 1 ) ( 1 ) (5)
— = (=) + (=)t

order q: k, de

Intra-particle q, = kyt'/? (6)

Diffusion
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Where g, is the mass normalized amount absorbed at a given time, t. kq, k,, and k,are the rate
constants associated with each model.

The study of gas adsorption on AC has also been studied. The adsorption of He, Hz2, Oz, N2, CO,
CO2, and H20 are typically modeled well by isotherms assuming monolayer coverage, specifically
Langmuir and Freundlich isotherms. The adsorption of CO2 on AC has been the major recent
application of study, which is more frequently modeled with the Freundlich isotherm (160).

Although isotherms predict equilibrium concentrations and the adsorption capacity of gases on
AC, they are rarely used to predict the behavior of gases in MMMs because diffusional effects
have a more pronounced effect on permeability and selectivity, and MMMs are rarely studied in
transient states. Thus, the adsorption of gases on the AC plays no part in selectivity once saturated.
One-dimension mass transfer in two phase systems can be used to model gas behavior, but a
number of simplifications and assumptions must then be made regarding diffusion in both phases
as well as in the interface between AC and matrix (89). Other models have been used to predict
gases permeability in AC-MMMs including the Maxwell, Bruggeman, and GPG models. Although
these models have not shown to be extremely accurate in AC-MMMs, they are simple to solve,
and have shown acceptable results when compared to some experimental data.

The Maxwell model, which was originally developed to predict the electric conductivity of
composite materials, was adopted for permeability of gases and is accurate for dilute particle
loadings up to 20 vol.% (10). The Bruggeman model more accurately predicts the permeability of
AC-MMMs with medium particle loadings between 0-40 vol.% (10). The GPG model is a
modified form of the Maxwell model and is based on the model of a hard sphere (161). It has been
validated for both liquid and gas permeation for AC contents up to 15 vol.% (152,162).

Peff_Pd+2Pc_2(pd(Pc_Pd)

Maxwell = 7
P Pyt 2Pt pa(P— Py @
3

Perr Py

Peff _ 1 P, P,
Bruggeman P.~ (1-¢y)3 1 Py ()

C
GPG
P

I = 14 3Bp4 + Ko} ©

Fe
In these models, P,y is the effective permeability, Py and P, are the permeability in the dispersed

(AC) and continuous (matrix) phase, ¢ is the volume fraction of AC, and K is a correction factor
defined in terms of £:

Py —P.

Ty (9a)
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K =a+be}® (9b)

a= —0.002254 — 0.123112 B + 2.93656 2 + 1.690 B3 (9¢)

b = 0.0039298 — 0.803494 B — 2.16207 B? + 6.48296 B3 +5.27196 B* (9d)

In this case, B is bound by -0.5 < f < 1. For ¢4 < 1, the GPG model simplifies to the Maxwell
model (152).

Several more complex models have been developed for predicting behavior of MMMs. Although
not extensively used to model AC-MMMs, many accurately predict the behavior of CMS-MMMs
(8). Major differences between the simple models presented in Equations 7-9 and the more
complex models is a consideration for particle shape, maximum particle loading achievable,
presence of a permeable layer between particle and matrix, or some combination. These are factors
are essential to consider for general models where different fillers can have vastly different
properties (163).

The Maxwell-Wagner-Sillar model takes into account the particle shape, estimating it as an
ellipsoid (152). This is determined by the variable, n, which is bound 0 <n < 1/3 and 1/3 <
n < 1. The model reduces to simple parallel/series resistance based models when n is an extreme.
Similarly, the Cussler model estimates the shape as a flake represented by the flake aspect ratio, ay
(152). This model may find particular accuracy with some CMS-MMM due to their potentially
high aspect ratio.

Both the Lewis-Nielsen and Pal models include a shape factor, @, which can be used to fit
experimental data, or taken as the inverse diameter when particles are modeled as tubes (152).
Each also considers a maximum packing volume fraction achievable in MMMs, ¢,,,. For particles
estimated as a sphere, this value is 0.64, but can by any fraction dependent on the particle size
distribution, shape, and aggregation tendency. When ¢,,, approaches 1, the Lewis-Nielsen model
reduces to the Maxwell equation and the Pal model reduces to the Bruggeman equation.

The Felske model contains multiple parameters to account for a permeable layer between the
particle and matrix (152). This type of filler is otherwise known as a core-shell. The particle is the
core surrounded by some permeable shell. To account for permeability in this layer, the
permeability of the species of interest in that interface layer, P;, is required. To account for the
thickness of the shell layer, a parameter § is defined as the ratio of outer diameter shell to outer
diameter of the core. This may find use in AC-MMMs where particles are grafted or interfacial
polymerization is conducted at the particle/matrix interface.
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All models predict an increasing permeability for increasing AC loading when P; > P..
Considering AC is highly porous, this is a reasonable prediction and as such, an example of this
situation is depicted in Figure 15. .

When comparing experimental data to the models presented, three known variables are necessary,
P;, P.,and ¢,4. There are a number of methods to measure P; and P,, including constant pressure-
variable volume apparatuses, or constant volume-variable pressure apparatuses. Similar
techniques can be used to determine P; for use in the Felske model. Time lag measurements can
also be taken to determine the diffusivity coefficient. Using pure continuous phase adsorption
measurements and Henry’s law, the solubility coefficient can be calculated. Multiplying the two
coefficients, the permeability can be calculated.

While the volume fraction of AC is defined in the formation of the casting solution, slight variances
can occur between forming the casting solution and casting. For a better estimation of ¢, , Weigelt
et al. (10) suggested using thermogravimetry by first finding the weight fraction of AC, wy, using,
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_ Mymm — Mmatrix
Wae = b (15)
Myc — Mynatrix

where My Minatrixs and My are the final mass of the MMM, matrix, and AC after degradation
under inert conditions at 1000°C. The volume fraction of AC is then calculated based on the
density of each component p:

1
‘pd=1+( bac_), (L7 (16)

Pmatrix Wac

8. Suggestions for Future Work

Although AC shows promise as a filler in MMMs, several fundamental studies are still required
to fully realize their potential. Specifically, there is still not a fundamental understanding to how
AC interaction with polymers can be probed before membrane formation. Classic methods for
probing interaction in other cases involve comparing solubility parameters and analyzing
functional groups. However, in the case of solid-liquid and solid-solid interactions involving AC,
this becomes more complex, and determining solubility parameters becomes difficult. Therefore,
fundamental studies are needed to expose the mechanism behind AC interactions with polymers,
solvents, and other additives. This will involve the development of novel methods and perhaps the
theoretical framework from colloid interactions in various media.

Another fundamental necessity that is thus far unclear is a relationship between AC properties and
MMM performance. There is contradictory evidence between AC surface area, pore size, particle
size and functionality on MMM performance. This lends to the conclusion there is ample
interactions between each property that is not yet realized. Understanding this would require
studies with carefully controlled AC properties be pursued, which can be accomplished by
investigating various biomass or polymer precursors, activating methods, and post treatments. This
fundamental knowledge would provide some criteria and more insight into material selection of
AC and polymer combinations.

In AC-MMM formation, still very little has been investigated relating phase inversion variables
and MMM properties. Important variables include nonsolvent, additives, and temperature. Each is
likely to cause a shift in the equilibrium between each phase in the casting solution. Binodal shifts
in ternary phase diagrams can give insight into cross sectional structure and help guide
experimentation, which has yet to be thoroughly examined. Detailed studies of dry phase inversion
are also needed. It is not clear how various parameters can be manipulated to prevent unwanted
sedimentation and surface ruptures. These studies are ultimately needed to determine if
particle/filler interaction can be influenced by variables in the membrane formation process.
Likewise, other membrane fabrication techniques should be investigated that may prove useful for
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some applications. For example, electrospinning of AC into fibrous membranes presents a
plausible scenario (164), in which applications with surface pore size sensitivity may benefit.

In applications where adsorption is a major factor in separation performance, methods to
sufficiently regenerate spent AC are still needed. This is a major issue because all active sites on
the AC in MMMs may not be accessible by all fluids, which restricts the regenerating ability of
some chemicals. Thus, a variety of regenerating methods needs to be investigated to give insight
into how effective regenerating AC-MMMs are for various ions and molecules. This will allow
realization of the extend of applications in which these membranes can be employed.

Furthermore, the gas separation potential of AC-MMMs should be further pursued. This will also
involve fine control of particle size distribution, pore size distribution, and surface area in AC and
CMS. In doing so, AC-MMMs can be tailored to specific gas separation applications by enabling
different flow regimes in the AC such as Knudsen diffusion, surface diffusion, and molecular
sieving. Each may have advantages for different gas mixtures. Various other applications of AC-
MMM s should also be investigated. One example is direct contact membrane distillation, which
is influenced by membrane porosity, free volume, and thermal properties. Other applications
involve proton exchange. While there have been some efforts to use AC-MMMs in proton
exchange, their full potential has not been realized. Lastly, predictive models that take into
consideration size distribution, pore size distribution, and shape distribution should be pursued.
Currently no models consider variations in filler particles, but will be highly beneficial to AC-
MMM due to the inevitable variability between particles. In all, these studies would benefit AC-
MMMs greatly, but also provide insight into the entire class of MMMs.
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Figure 1: Particle breakage due to solvent etching of formed pores post activation of a 15 micron AC, (a)
before, and (b) after contact with dimethylformamide (84). Reprinted with permission from Elsevier.
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Figure 2: Schematic representation of AC functionalized with alginate by an ionic polymerization method
and cross linked with calcium by the dissolution of calcium chloride in water (99). Reprinted with
permission from Wiley.
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Figure 3: Proposed reaction between grafted biochar with PDMS resulting in highly hydrophobic
membranes. Biochars (BB) were grafted with either YDH-171 (hydrophobic) or KH550 (slightly
hydrophilic) (95). Reprinted with permission from Wiley.
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Figure 4: Schematic diagrams of multilayer casting apparatuses. Co-casting blade for (a) flat sheets (111)

and multi-nozzle spinneret for (b) hollow fibers (113). Reprinted with permission from Elsevier.
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Figure 5: Ternary phase diagram showing (a) instantaneous demixing and the resulting finger-like
morphology (108,114) (b) delayed demixing and the resulting spongy morphology (108,115) (c) the
influence of PEG additives on binodal position (116) (d) the influence of metal particle additives on
binodal position (117). Reprinted with permission from (a,b) ACS and (c,d) Elsevier.
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Figure 6: Triton-X results in finger like structure however, this finger like structure breaks down and
surface becomes more porous with increasing amounts of AC from (a,e) 0 wt.%, (b,f) 0.1 wt.%, (c,g) 0.5
wt.%, and (d,h) 1 wt.%. (121). Reprinted with permission from Elsevier.
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Figure 7: Migration of hydrophobic AC to the top surface occurs during wet phase inversion. (a)
Macroscopic view showing black AC more apparent on the top view. (b) SEM image showing AC
dispersion and pores on the bottom side with (c) High concentrations of agglomerations on the top side
(123). Reprinted with permission from Elsevier.
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Figure 8: POMS membranes formed with AC loaded with (a) 10 wt.% (b) 20 wt.% (c) 40 wt.% showing
the increase in inhomogeneity with increasing amounts of AC (89). Reprinted with permission from

Wiley.
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Figure 9: Example of the relationship between contact angle, surface tension, and hydrophilicity of

membrane surfaces.
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Figure 10: Influence of nano sized AC on (a) contact angle, (b) specific surface area, and (c) phenol
rejection on an AC-CAP MMM (91). TP is the total phenol concentration. The secondary y-axis in (¢)
demonstrates the raw feed TP, TP after microfiltration with unloaded membranes, and the permeate TP
using various loadings of AC. The steep decline from 23 TP in raw feed to 21 TP after microfiltration to 7
TP in the 25 wt.% AC-MMMs demonstrate the improved rejection performance. Reprinted with
permission from Wiley.
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Figure 11: (a) Crater-like morphology formed on the tope surface of PEI-PPSU blended AC-MMM and
the resulting (b) cross section. The influence of AC on (c) PWF and humic acid removal efficiency and
(d) contact angle. Membranes were formed with 35 wt.% PPSU and 5 wt.% PEIL. PEG pore forming agent
was not used in samples SA1-3, 6 wt.% was added to SA4-6, and 12 wt.% to SA7-9. Each series of
samples contains 0.25, 0.5, and 1 wt.% AC (120). Reprinted with permission from Elsevier.
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Figure 12: Influence of AC on (a) organic solute removal and (b) clean water flux over time. The
influence on coated AC-MMMs on (c) clean water flux over time, and (d) improved regeneration ability
(121). Reprinted with permission from Elsevier.
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Figure 13: Two layer PES-PES/AC (a) flat sheet and (b) hollow fiber membranes (112). Reprinted with
permission from Elsevier.
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Table 1: General comparison of different membranes in terms of their advantages/disadvantages in
relation to the emerging class of MMMs.

Membranes (30)

Ex: Titanium oxide,
zeolite, metal organic
frameworks

and thermal stability

e Tunable pore size

e Moderate
permeability/selectivity trade
off

e Stable in harsh conditions

e Separation mechanism is
dependent on pore size:
molecular sieving, surface
diffusion, capillary
condensation, Knudsen
diffusion

Membrane Advantages Disadvantages
Polymeric e FEasy synthesis and fabrication e Low chemical and thermal
Membranes (28,29) e Low production cost stability
e Good mechanical stability ¢ Plasticization
Ex: polysulfone, e Easy upscaling and modeule e Pore size difficult to
polyimide, design control
polyethersulfone e Separation mechanism: e Permeability/selectivity
Solution diffusion trade off
Inorganic e Superior chemical, mechanical, e Brittle

e Expensive
¢ Difficult to scale up

Organic Membranes

Ex: Carbon
nanotubes(31),
graphene (32)

e Tunable functional groups

e Tunable pore size

e Exceptional rejection in liquid
separations

e Moderate
permeability/selectivity tradeoff

e Separation mechanism:
molecular sieving

e Difficult and expensive to
make

¢ Difficult to scale up

e Can be frail

Mixed matrix
membranes

Ex: Matrimid-AC
(10), PES-Kaolin (33),
PV A-carboxyfullerene
(34), PSF-MOFT1 (35)

¢ Enhanced mechanical and
thermal stability

e Reduced plasticization

e Low energy requirements

e Surpasses
permeability/selectivity trade
off

e Reduced fouling

e Separation mechanism
determined by the combined
polymeric and filler properties

e Become brittle with high
filler loadings

e Poor interaction between
matrix and filler results in
unselective pores

e Chemical and thermal
stability depends on matrix
material
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Table 2: Properties of various biochars and their corresponding pyrolysis conditions. The pyrolysis type
(fast/slow) is listed in the case exact heating rate was not listed.

Biochar Feedstock Surface Functional Groups | Surface Pyrolysis Temperature
Area (m%/g) | and Heating Rate

Guinea Fowl Manure (50) | Hydrogen bonded, aliphatic | 60.0 250°C — 2°C/min then
amines 500°C — 5°C/min

Sugarcane Bagasse (51) phenolic acids, carboxylic 92.30 500°C, slow
acids, lactonic acids

Orange Peels (51) phenolic acids, carboxylic 0.21 500°C, slow
acids, lactonic acids

Sunflower seed hull (52) Alcohols, amines, aromatic 3.850 450°C, fast

Bamboo (45) Hydroxyl, carbonyl 332.10 600°C , slow

Date Palm (53) Carbonyl, carboxylic acids - 300-800°C, 5°C/min

Sewage Sludge (54) Carbonyl, protonated 54.05 700°C , 25°C/min

Rice Husk (55) Alcohols, phenol, carbonyl 27.8 350°C, 25°C/min

Dairy manure (55) Hydroxyl, carbonyl, 5.61 350°C, 25°C/min
phosphate, aromatics

Coconut coir (56) Carboxylic acids, phenolic 153 500, slow
acids, hydroxyl

Peanut Shells (46) Carbonyl, aromatic, aromatic | 420 700°C, 7°C/min
amines

Soybean Stover (46) Carbonyl, aromatic, aromatic | 448 700°C, 7°C/min
amines

Maple Wood (57) Deprotonated carboxyl and 225 500°C, 2.5°C/min
phenolic acids

Eucalyptus saw dust (58) | Carboxylic, hydroxyl 1.57 120°C, slow

Swine Manure (59) Hydroxyl, carboxylic 3.46 400°C, 25°C/min

Rice Straw (59) Carbonyl, hydroxyl 2.01 400°C, 25°C/min

Corncob (60) Carbonyl, nitro, hydroxyl, 3.38 15°C/min , 550°C
methoxyl

Potato Peel (61) Carbonyl, hydroxyl, 2.29 700°C, 2°C/min
aromatics

Pine Needle (47) Hydroxyl, carbonyl, 390.52 700°C, 7°C/min
aromatics

Almond Shell (62) Carbonyl, phenols, lactones | 30.35 650°C, 10°C/min
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Table 3: Chemically activated AC produced from biochar and their processing conditions and resulting

properties
Feed Stock | Activating | Impregnation Carbonization | Surface | Functional Groups
Agent Ratio (agent: Temperature | Area
biochar) (m?/g)

Spruce KOH 35:1 475°C 643 Hydroxyl, aromatics

Whitewood 675°C 1317

(67) 875°C 2024

Palm Date NaOH 3:1 600°C 1282.49 | Carbonyl, ketones,

Seed (68) ethers, nitro

Coconut H2S04 1.5:1 600°C - Hydroxyl, carbonyl,

Shell (69) ethers, aromatics

Grape H3PO4 3:1 400°C 1021 Carbonyl, esters,

Bagasse 500°C 909 ketones, aliphatic

(70) 600°C 629 acids

Grape Stalk | ZnCL 0.5:1 700°C 482.22 Hydroxyl, aromatics

(71) 1:1 889.62

1.5: 1 1004.48
2:1 1411.75

Rice Husk | KOH 5:1 750°C 2121 Hydroxyl,

(72) 850°C 2696 aromatics, ethers,

950°C 1592 esters

Sugar Cane | ZnCl2 2:1 500°C 2200 Hydroxyl, carbonyl,

Bagasse aromatics

(73)

Sunflower | ZnCl2 2:1 600°C 1950 Hydroxyl, carbonyl,

Hulls (73) aromatics

Poplar Saw | KOH 1: 0.05 600°C 1506.2 Hydroxyl, carbonyl,

Dust (74) carboxylic acids

Paulownia | H3PO4 4:1 400°C 2806 Carbonyl,

Wood (75) aromatics, ketones,
lactone, carboxyl,
phosphates

Pork Bones | H2SO4 2.8:1 800°C 110.7 Phosphates,

(76) carbonates
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Table 4: Comparative properties of membranes produced by different phase inversion methods.

specific casting solution formation and
conditions.

Inversion Surface Morphology Cross Sectional Morphology
Method
Wet Dense surface unless high filler content or | Asymmetric with dense top skin and
pore forming agents are used. porous supporting layer. Porous layer
can appear spongy, finger-like, or a
combination of the two depending on
inversion conditions.
Dry Dense unless the evaporation rate is rapid, | Dense and either homogeneous or
then surface pores can form. Filler asymmetric.
materials can also cause ruptures leading
to porous surfaces.
Dry/Wet | Dense or porous depending on the Dense or porous and asymmetric

depending on the dry and wet phase
steps. If the dry step dominated, the
cross section will be denser than if
the wet step dominates.
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Table 5: Summary of most recent separation applications using AC-MM membranes with particular
emphasis on the type of matrix used, AC source, method used for activating the derived carbon, and
whether AC was commercial or synthesized in-house.

Matrix |AC Precursor |Activating AC Vendor Application Ref.
Method
PSF Bagasse Biochar was not (In house Cu*" and Pb**
activated removal from (122)
water
PSF Palm kernel  |Not listed Not listed Ag", Pb**, Cd*,
shells Cr** removal (135)
from water
PES Bamboo Not listed US Research Cu*" and (SO4)*
Nanomaterials, Inc., |[removal from (123)
Houston, USA water
PES Polish Steam activation |In house Cu** removal
subbituminous from water (136)
coal
CTA Not listed Not listed Carbochem, LQ1000 [Uranium removal (137)
from water
CTA Not listed Not listed Norit NC-100 Uranium removal (138)
from water
PPSU Acacia fumosa HCI, In house Phenol removal
seed functionalized from water (99)
with alginate
CAP Not listed Not listed Merck (India) Ltd.  |Phenol removal O1)
Mumbai, India from water
PSF Not listed Not listed Merck (India) Ltd., [Benzene,
Mumbai, India Toluene and (13)
Phenol, removal
from water
PPSU Coconut shell |Not listed China Activated Humic acid
Carbon Industries  |removal from (120)
Ltd., Taiwan water
PSF Broom ZnClz In house Organic matter
sorghum removal from
cheese whey (121)
wastewater
CNF Olive stones |KOH In house E. coli. removal (78)
from water
PES Not listed Not listed Norit A Supra EUR, |Removal of
Norit Netherlands creatinine from (111)
B.V., The blood plasma
Netherlands
PES Not listed Not listed Norit A Supra EUR, |Removal of (112)
Norit Netherlands creatinine, HA,
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B.V., The

IS, and PCS from

Netherlands blood plasma
PDMS Not listed Not listed US1074 US-Nano  |Pervaporation of
Company butanol (109)
SouthBend,IN,US
PDMS Tree biochar  |Grafted with In house Pervaporation of
KH-550 and ethanol (95)
YDH-171
ABS not listed Not listed Maxsorb, The Kansai|Separation of
copolymer Coke & Chemical  |CO2/CH4 (15)
Co. Ltd. (Japan),
Merk (Germany)
ABS Not listed Not listed Not listed Separation of (124)
CO2/CH4
PEBAX |Not listed Not listed Permionics Separation of
2533 Membranes CO2/CHa4 (139)
(Vadodara, India)
PEI Not listed Not listed Maxsorb 3000, The [H2/CHa4, H2/COz2,
Kansai H2/O2, H2/No>, (90)
Coke & Chemical |CO2/CHa4, O2/N2
Co. Ltd. (Japan)
PVC Not listed Not listed Maxsorb 3000, The [H2/CH4, H2/COz2,
Kansai H2/O2, H2/No2, (102)
Coke & Chemical  |CO2/CHa4
Co. Ltd. (Japan)
Matrimid |Not listed Not listed Bliicher GmbH Pairs of He, Hz, (10)
(Erkrath, Germany) |02, N2, CO2, CH4
PES Not listed Not listed Aldrich 02/N2 (92)
POMS Not listed Not listed Bliicher GmbH n-C4H10/CH4 (89)
POMS Not listed Not listed Bliicher GmbH CO2, C2Hs, C3Hs,
n-CsHio, n- (79)
CsH12/CHa
PES Not listed Not listed Envior Chemical® |CO2/CH4 (140)
Japan
Matrimid |[Benzimidazole |Chemical In house CO2/N2 a1
crosslinking
Matrimid |[Matrimid Not Activated  |In House CO2/CHa4
(7)
02/N2
Nafion Polypyrrole KOH In house Methanol fuel (141)
cell
Nafion Not listed Post processed  [Osaka Gas Co. Ltd. |Methanol fuel
by acidification cell
and PEG (142,143)
modification
Nafion Glucose steam In house Methanol fuel
cell (144)
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